This letter presents a new approach for studying the catalytic thermodynamics of cuboctahedral nanoclusters, using informational statistical mechanics. The Morse potential determines bond energies between cluster atoms in a coordination type calculation. Applied density functional theory calculations demonstrate adatom effects on the thermodynamic quantities, which are derived from a Hamiltonian. Calculations of the entropy, free energy, and total energy show linear behavior, as the coverage of oxygen on platinum, and hydrogen on palladium, increases from bridge sites on the surface. The data exhibits size effects for the measured thermodynamic properties with cluster diameters between 2 and 5 nm. Entropy and enthalpy calculations of Pt-O 2 compare well with previous theoretical data for Pt(111)-O 2 , and trends for Pd-H are similar to experimental measurements on Pd-H 2 nanoclusters. These techniques are applicable to a wide variety of cluster-adsorbate interactions, encouraging further research.
Introduction
From its earliest history, thermodynamics has had ties to information theory. Maxwell illustrated the relationships between entropy and information with his demon, which apparently could violate the second law of thermodynamics [1] . Recently, there has been experimental work verifying the roles of information and thermodynamics, fluctuation, the Szilard engine, and Landauer's principle [2] [3] [4] . For recent reviews the reader is directed to references [5, 6] . Also, the relationship between quantum thermodynamics and information is being explored, where the number of particles is small [7] . The interest in nanoscale science is emphasizing the differences between bulk and quantum effects, and this manuscript considers nanoscale calculations where many particles or atoms exist, so the calculations are not quite quantum in nature, yet not bulk either.
Informational statistical mechanics has its foundations in a classic paper by Shannon [8] , where he laid the groundwork for understanding information theory and the maximum entropy. Jaynes did further work [9, 10] on the physics of information theory where he describes the use of a partition function leading to the maximum entropy estimate in terms of statistical principles. More recently, Estrada and Hatano [11] provided a complex network approach to information theory based on graph theory and statistical mechanics. We view platinum and palladium nanoclusters as graphs, with nearest neighbor interactions, and derive some of the thermodynamic properties of adatoms on the cluster surfaces.
The Morse potential [12] was originally developed for the hydrogen molecule, but as numerical computing became established, soon became used in bulk cubic metals, and the properties were found in agreement with experimental elastic constants and the equation of state [13] . It has been used in adatom studies of Pt/Pt surfaces with good results [14] . Although it has a long history, recently it has proven popular for determining local and global structural minima for free standing nanoclusters and binary clusters with a fixed size [15] [16] [17] . Nanocluster cubic metals have been analyzed with a Morse potential, with the result that the potential well becomes shallower for small clusters [18] . Here the more general method of Girifalco and Weizer [13, 19] is used to create Morse potentials for clusters, with similar conclusions. We recognize that these methods are not robust DFT calculations, yet the application of a computationally tractable potential allows us to gain insight into physical systems that are hard to model.
Platinum catalysis is used in many industrial applications, and there is widespread agreement that size and shape (surface exposure) is critical to cluster behavior. There are many scientists studying the physics, chemistry, and materials science of the catalytic behavior of nanoclusters. Recent research has developed methods of synthesis of Pt clusters with a chosen size and shape so that advanced surface studies may be considered [20] . In particular, we study the thermodynamics of oxygen radicals and oxygen molecules on platinum and hydrogen on palladium cuboctahedral surfaces, with both (100) and (111) surface orientations.
The palladium-hydrogen system is of interest technologically and scientifically [21] . Although there are bulk solid solution phases [22] , on a clean surface hydrogen molecules H 2 will dissociate into two hydrogen atoms and chemisorb onto (100) [23] and (111) [24] surfaces. This is because the energy of adsorption (0.53 eV) is much larger than the energy of dissolution (0.2 eV) into the bulk [25] . Hydrogen therefore occupies sites on the surface before penetrating into the bulk. It has been found that bridge and hollow sites are preferred over top sites on both the (100) [25] , and (111) [26] surfaces. Palladium nanocrystals can be formed in many types of cluster shapes and sizes [27] . Recently, nanoplasmonic sensing has enabled scientists to study individual nanoparticles, rather than surfaces, films, or even ensembles of clusters [28] . The studies in this Letter provide a computational method to analyze the effects of nanocluster size on thermodynamic properties, and to compare computational data with experimental data. Although we study platinum and palladium clusters, our method is general and may be applied to a wide variety of nanocluster adsorbates.
Methods
For the nanocluster, we get the energies from the Morse potential analysis:
where T and V are the kinetic and potential energy operators respectively, H is the Hamiltonian, p i is the momentum of the individual masses, µ is the reduced mass, D is a constant related to the depth of the potential well, α is an inverse linewidth related to the curvature of the potential, N is the number of atoms in the cluster, and r 0 is the location of the well minimum. The constants D, α and r 0 are determined by solving the following three equations [19] : where r i = aM i , E C is the cohesive energy, and a 0 is the experimental lattice constant, at some central location of the cluster. The cuboctahedral clusters with an even number of shells, L, do not have an atom at a central location of the cluster, so we use clusters with an odd number of shells in our analysis. The equilibrium condition (1)
and the bulk modulus complete the equations to determine the constants, where c = ¼ for fcc crystals. For nanoclusters the bulk modulus varies as [29] where G is the shear modulus, sv0 is the solid-vapor surface energy, D e the effective nanocluster diameter, and D a is the atomic diameter. Table 1 lists constants for the analysis of the equations for platinum and palladium.
The cohesive energy is [33] E B is the cohesive energy of the bulk (~ − 3 to − 6 eV) and cn B = 12 for an fcc crystal. This data is linear with N (−1/3) so that the cohesive energy is related to the surface area of the clusters, as described in a review article [34] . The Debye temperature is given by [33] : so that Eq. (5) is directly related to the cohesive energy.
The eigenvalues of the Hamiltonian in the two-body case in the ground state to first order are [12] where h is Plank's constant, and M 1 and M 2 are the twobody masses. The changes in the Morse potential with platinum cluster size is shown in Fig. 1 , and the data is listed in Table 2 up to L = 21 shells in the cluster. The potential well is shallower as the cluster becomes smaller, and the minimum well position shifts to smaller r 0 as well. There is a crossover in the repulsive part of the potential from L = 5 to L = 9, which may be element specific. These effects are in agreement with a recent publication [18] .
In the case of n-fold bonding, the energies become [35] : where cn i is the number of bonds or the coordination of the ith site. Figure 2 shows how the coordination affects the bond energy in the platinum and palladium clusters, as determined by Eq. (9). These coordination-style calculations show clear evidence of a size effect, primarily due to the constant D, which is tabulated in Table 2 . Also, the bonding is stronger as cn increases, in line with what one might expect.
Adsorbates on cuboctahedral clusters may sit on a bridge site, a 3 hollow on (111) surfaces or a 4 hollow on (100) surfaces. Figure 3 shows figures of some random possibilities for collections of adsorbates on four of the sizes of clusters we examine, with L = 5, 7, 9, 11. We recognize that edge and corner sites are relevant in the adsorption of gasses on clusters, but it is difficult to assign the coverage of these sites to any particular surface geometry. Therefore, only the facets are considered when calculating the surface coverage, where we have well-defined (100) or (111) surfaces. Adatom coverage is measured as = N a ∕N s where N a is the number of adsorption sites, and N s is the number of surface sites. From  Fig. 5 of reference [36] , we estimate that the fraction of facet sites for platinum cuboctahedra varies from 10 to 60% as the size of the cluster increases from 1.5 to 5 nm.
We adapt a density functional theory (DFT) for energies of adsorbates on platinum with a coordination model [37, 38] :
where cn max = 18 for bridge sites, 22 for 3 hollows and 26 for 4 hollows [38] . Adsorbate energy is linear with coordination: Table 3 shows the values of the linear fits as determined by reference [37] . The bond energy bond order (BEBO) model describes bond energy with bond order, cn, as [39] (10)
where E a is the adsorption bond energy, cn is the bond order, and an exponent which is normally unity. The BEBO model has been used for O 2 adsorbates on Pt (111) [39] . In practice, this results in dividing the adsorption energy by the number of bonds in the surface site [39] .
Likewise, for the Pd-H system, a Morse potential models the surface hydrogen-palladium interaction. These parameters are listed in Table 4 . For bridge sites, we adjust the bonding by a factor of two, for the bridge bond as in Eq. (12) . The bonding can also be adjusted for 3 hollow and 4 hollow sites on the surfaces. The Morse potential was successfully used to model Pd-H nanoclusters and determine the adsorption energies and bond lengths of adsorbed hydrogen in different sites [40] .
The adsorption energies critically influence the thermodynamic properties. Some indication of the importance of surfaces and adsorption is shown in Fig. 4 for Pt-O* nanoclusters. The surface energy, sv (D e ) , versus nanocluster diameter is obtained from reference [41] :
where S B = 124.34 J/mol-K is the entropy of the solid-vapor transition for platinum [31] and R is the gas constant. The adsorption energy, E a , is taken from Eqs. (11) and (12), where we use bridge sites, at full coverage, for 6, 7, 8 and 9 coordinated atoms and divide the sum by the total number of surface atoms. These two quantities are plotted versus platinum nanocluster diameter. We find E a to be ~ − 0.48 eV, as the size approaches 9 nm, while the experimental value for bulk Pt(111)-O* surfaces is about − 0.35 eV [42] . Our calculated value includes corners and edges, which are lower coordinated, thus making a larger contribution to the adsorption energy than one would have from facets on the (111) surface. Moreover, DFT calculations of Pt clusters show that the oxygen adsorption energy becomes approximately constant for sizes greater than about 2 nm, although only bridge sites on edges were considered in the DFT calculations [43] . The plot of sv (D e ) versus platinum nanocluster diameter in Fig. 4 nears the value 2.5 J/m 2 for D e = 9 nm and slowly approaches the bulk value of 2.85 J/m 2 , as the diameter nears 100 nm (not shown). Note that the value 2.85 J/m 2 is an average over the (100) and (111) surfaces for the cuboctahedral geometry [32] .
To allow for small deviations from the average bond length, we define i and j as nearest neighbors, and separate them from the rest by requiring that r ij < r c where r c is a threshold value, as follows: describes the adjacency matrix for the cluster. The approximate energies for bonds in the cluster and the adatoms are:
with only nearest neighbor non-zero entries, i.e. a sparse matrix.
In the Hamiltonian approach, the partition function is [9, 11] and = 1∕k B T is the inverse temperature, where k B is Boltzmann's constant, T is the temperature in Kelvin, and H is the Hamiltonian matrix, as given by Eq. (16). The probability is related to the partition function as p j = e j ∕Z where λ j is an eigenvalue of the Hamiltonian matrix. The informational Shannon entropy is then (with units of eV/K) [8, 9, 44] where N T = N c + N a with N c the number of atoms in the cluster and N a the number of adatoms at coverage theta. The free energy in the nanoscale systems we examine is in eV [9, 11] where Z is the partition function, Eq. (17). The total energy is also in eV The effect of coverage and temperature of the thermodynamic functions is measured as where T L is the thermodynamic function value (free energy, entropy, or total energy) of the cluster with L shells.
The clusters have random collections of adatoms on the surface, and particularly for smaller clusters, there is scatter in the data, so we average over 50 runs for L = 5, 5 runs for L = 7, (14) (i, j) = 1 if r ij < r c and i ≠ j 0 otherwise one run each when L = 9, 11, 13 for bridge sites, and 500 runs for L = 5, 20 runs for L = 7, for hollow sites. A custom MAT-LAB code calculates the above quantities. The adatoms are added sequentially in random sites until maximum coverage is reached, and Eqs. (18), (19) , and (20) are determined in the manner described.
Results and Discussion
As a reminder, the relationship between the thermodynamic variables is F = U − TS, H = U + PV, G = F + PV, where H is the enthalpy, P is the pressure, V is the volume, and G is the Gibbs energy. The enthalpy and entropy are more commonly derived experimental quantities. This comes about because of the Van't Hoff relationship: where P 0 is the intercept of ln(P/P 0 ) with 1/T, and R is the gas constant [45] . Here we assume that the PV term is small to first order, so that we have H ∼ U and G ∼ F [46] . New methods of measuring the thermodynamics of nanoclusters may lead to sufficient accuracy to test the current model [28] . Our calculations are for freestanding clusters, whereas it has been shown that a substrate for supported platinum clusters can markedly affect the catalytic properties [47] . The temperature evolution of oxygen adsorbates on platinum clusters has been found experimentally to begin desorbing at around 400 K, for clusters of about 5 nm in size [48] . This desorption is size dependent, with smaller clusters releasing oxygen at higher temperatures. These temperatures are significantly higher than the bulk behavior, where oxygen begins desorbing at 320 K from Pt (100) [49] . More recent studies of the oxidation of Pt nanoclusters on different substrates reveal a coexistence of Pt-O 2 and Pt-O* with primarily Pt-O 2 adsorbates until the temperature reaches T = 350 K, and with primarily Pt-O* until T = 600 K [50, 51] . There is some variation depending on the substrate material. Platinum nanoparticles in these studies were 1.5-3.3 nm in diameter. This temperature effect is modeled by varying T from 100 to 600 K through the inverse temperature parameter in the partition function, at temperatures where we expect most of the oxygen in some form to remain adsorbed to the clusters.
The data exhibits linear trends with coverage, so we make the ansatz [52, 53] :
and we extend the model to include the entropy; where the subscript zero refers to intercepts and one to the slope. Here we model enthalpy and entropy as mass quantities, and the functions are linear with θ, the coverage. Figure 5 plots the enthalpy and entropy (mass quantities) versus the coverage θ at T = 300 K, and shows linear relationships for the 5 nm clusters. For platinum, a discussion in reference [54] mentions that the enthalpy is observed to be linear with oxygen adsorption, for θ < 0.15. We are not able to model desorption of oxygen at higher coverage, as is observed experimentally.
The entropy and total energy as given by Eqs. (17) and (19) both increase quadratically with cluster size at a given temperature, while the free energy also increases, meaning it becomes less negative, in agreement with Eq. (18) . 5  490  55  17  6  102  7  1288  141  38  24  206  9  2670  265  73  52  352  11  4796  420  111  87  541  13  7826  614  162  136  748 we changed the adsorbate from O 2 to O* in agreement with experimental results, but the changes in the data are the result of cluster size and temperature. Table 5 lists the average number of adatoms for each type of site. The number of adatoms increases approximately in a quadratic fashion with cluster size for each type of site at maximum coverage. Because the number of adatoms has this relationship, it is not surprising that the entropy and total energy also increase quadratically. In Fig. 6 the code is changed to allow bridge sites over the whole palladium cluster. We use bridge sites, since the cuboctahedral clusters have (100) and (111) surfaces, which hollow sites cannot completely cover. The hydrogen adsorbates fill the entire surface of the slightly smaller palladium (as compared to platinum) clusters. The average number of adatoms is listed in the last column of Table 5 . The data shows calculations for T = 300 K, of the entropy for Pd-H clusters along with experimental results for Pd-H 2 from various references in Fig. 7A . There is some scatter in the experimental data, which is modeled with linear regression. Our model for the size dependence is as follows:
where T(D e ) is the thermodynamic property, enthalpy or entropy, D e is the effective diameter of the clusters, and a, b, c, d are constants of the fit. These constants are listed in Fig. 7 for the various curves. An alternate model with fewer fit parameters is:
where T e (D e ) is the exponential fit to the thermodynamic data. The fit parameters to the corresponding data in Fig. 7 is shown in Table 6 . D 0 is the x-intercept of the entropy and enthalpy models for Eq. (26) . Also, in Table 6 , D * 0 is the corresponding x-intercept of Eq. (25) . Table 6 shows that while T e (∞) is comparable in both models, the x-intercept is more realistic for Eq. (25) than Eq. (26) . We therefore choose Eq. (25) and show the respective fit to the data in Fig. 7 . Our fit of the averaged experimental data in Fig. 7A leaves out the data from Wadell [55] , as it is a possible outlier to the rest of the data. The averaged experimental data is
in reasonable agreement with the calculated model, but additional work needs to done for D e < 20 nm. It is known that hydrides form more readily in nanoclusters than in the bulk [56] , which may affect the measurements for small dimensions. We agree that there is little size dependence, as the diameter gets large. This model does not really reconstruct adsorption or desorption, so we do not state a preference for either type of data. Figure 7B shows the enthalpy model and data for the palladium-hydrogen system. Again, there is quite some scatter in the experimental data. This model follows the data from Bardhan (Desorption) [58] almost exactly. The model appears near the center of the average for the experimental data, and there is little size dependence as the clusters get large. For our model, this is the result of a horizontal asymptote in the quadratic dependences of the adatoms and thermodynamic properties with size. The fit to the model is shown in the inset.
Some experimental data for platinum of the thermodynamic functions we are calculating has been published in 2009 [61] , and gives a measurement for the entropy of Pt(111)-O 2 on bulk surfaces as 109 J/K-mol or 1.14 × 10 −3 eV/K-particle. However, a more recent work discusses these results and the reported enthalpy was about 40% too high, due to errors in the reflectivity of platinum reported in the literature [54] . Our calculations and extrapolated entropy and enthalpy for T = 300 K are shown in Fig. 7C , D. The extrapolated enthalpy data gives a value of 18.7 kJ/mol as the diameter gets large. A DFT calculation in reference [54] gives a bulk value at full O* coverage of 16 kJ/mol. Figure 7C shows the entropy of Pt(100)-O 2 and Pt(111)-O 2 , as a function of diameter. The extrapolated values are near 60 J/K-mol. Fiorin [61] refers to desorption entropy and compares the experimental value with one from conventional transition state theory (CTST), which varies from 40 to 76 J/K-mol or 58 ± 18 J/K-mol. A previous paper in 1998 [60] gives values for the entropy for Pt(111)-O 2 , which are close to the unadjusted value, which is probably not correct. Our results are close to the theoretical values from CTST, and if the experimental entropy should have [61] . D The calculated enthalpy data from Pt-O* is in reasonable agreement with the bulk data from Karp [54] been reported as a lower value, as was the enthalpy, it would be close to the modeled results as well.
A basic relationship from thermodynamics is that [62] :
where T comp is the compensation temperature, or the slope, and G the offset. We plot this data for our model of Pd-H, Pt-O*, and some experimental data for Pd-H 2 in Fig. 8 . Our models show good linearity, along with the Pd-H 2 data for desorption and adsorption. The compensation temperatures are all within reasonable values. The data from Syrenova [21] for adsorption shows the most non-linearity. Note that the adsorption compensation temperature is different than that reported in [62] since not all the same data was used. The compensation temperature is related to a compensation pressure, as is discussed in the literature [62] .
The computationally realistic Morse potential model, when used in this coordination-style method, has allowed us to gain new insights into the catalytic thermodynamics of some important systems. We recognize that we have made some simplifying assumptions in our calculations, but this has enabled us to model complicated physical and chemical reactions. This method can be done with reasonable computational efficiency, with modest time requirements, and yields surprisingly new and plausible conclusions. We hope that these results will be confirmed by other authors.
Conclusions
This letter presents a general procedure for determining the catalytic thermodynamics of adsorbates on nanocluster surfaces. In particular, we have derived thermodynamic functions such as the entropy, total energy, and free energy, of platinum and palladium nanoclusters with oxygen and hydrogen adsorbates, using the Morse potential. These functions show linear behavior with adatom coverage. While experimental measurements of the entropy of Pt(111)-O 2 , are higher than what we calculate, these methods produce similar results of the entropy compared to other theoretical (CTST) methods. We recognize that the experimental entropy value may be adjusted lower, as the enthalpy has been. The enthalpy of large diameter Pt-O* clusters is close the value found by DFT on bulk Pt-O* at full coverage. The experimental data for Pd-H 2 has quite a bit of scatter, but the average is near both our model for entropy and enthalpy for Pd-H. Considering that the experiments involve some adsorption of hydrogen into the nanoclusters, our model can be considered a reasonable fit. Finally, a plot of the enthalpy versus entropy gives a linear fit for both the experimental data and our modeled results. Table 6 Fit parameters and data for Fig. 7 from Eq. (26) Equation ( 
